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142 CHAPTER 5 An Overview of Organic Reactions 



Rearrangement reactions occur when a single reactant undergoes a 
reorganization of bonds and atoms to yield an isomeric product, a process 
we can generalize as: 

This single reactant ... A > B ... gives this isomeric product. 

As an example of a rearrangement reaction, the alkene 1-butene can be 
converted into its constitutional isomer, 2-butene, by treatment with an acid 
catalyst: 



CH 3 CH 2 H H 3 C H 

\ / Acid catalyst \ / 

/ C=C \ *=~^ /° =C \ 

H H H CH 3 



5.1 Classify these reactions as additions, eliminations, substitutions, or rearrangements: 

(a) CH 3 Br + KOH * CH3OH + KBr M,svV^ 

■(b) CH 3 CH 2 OH > H 2 C=CH 2 + H 2 0 0 qTw> , ^ uA " 

(c) H 2 C=CH 2 + H 2 > CH3CH3 fv 



5.2 How Organic Reactions Occur: 
A/lechanisms 



Having looked at the kinds of reactions that take place, let's now see how 
reactions occur. An overalLdejgripti on of how^uspecinc-xeaatipn occurs is 
called a reaction^ echan ^m.^nech1anism^escribes in detail exactlywhat- 
^akes placelaFeach stageof a chemical transformation. It describes w hich 
bonds^arejsroken andinjshaira^ler^jvhich bonds are fornWa^anddn^what 
orJer^juidwh^^ 

must also account for all reactants used, all products formed, and the 
amounts of each. 

All chemical reactions involve bond breaking and bond making. When 
two reactants come together, react, and yield products, specific chemical 
bonds in the starting materials are broken, and specific chemical bonds in 
the products are formed. Fundamentally there arejwojyays that a covalgnt 
twxit^lectron_bond^can_b£eak^ 

me^aiUvayLso that ^neelectro n jr emafas~w ith jeach product fragment, or 

a bond-^anJ>reak5^ 

ing_ejectrmsremainj^^ 

witih^anjgmpt y orbit al. The_symmetrical cleavageTs^caliedr^^o^^^; 
process, and the unsynmietri^ 
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^ ■ 

A : B > A- + -B Homolytic bond breaking (radical) 

(one electron stays with each fragment) 

r\ 

A : B > A + + :B- Heterolytic bond breaking (polar) 

(two electrons stay with one fragment) 



A- + -B > A : B Homogenic bond making (radical) 

(one electron donated by each fragment) 

A+^+^B- > A : B Heterogenic bond making (polar) 

(two electrons donated by one fragment) 

Those processes that involve spm™^^ 
ing are nailed r adical rflanti nT1 ? a radical (av^ 

^ceehjctr^ andth^s ha ve ^e^mj^^^^mBS^]^ 

istry and a large part of this book is devoted to their description 

encxmntered^ e called pericychc reactions . Rather than explain^wS 
react ™^ more detail at a later point 



Radical Reactions and How Thev 
Occur J 



Radical reactions are not as common as polar reactions, but they are never- 

SS^Sf T 0 ?^ 'I ° r8 T C ChemiStry > W^-riy - certain ZZ- 
, trial processes. Let's see how they occur. 

hP, a t 1 ^ 11 m °! t radiCalS electricall y neut ^l, the y are high ly rea.tiv. 

^^^^^^^^^^^^^^ 
achievVllie^si^d-or^m severaT *ays. For exlmXTradical might 
abstract a n atom from another molecule, leaving behind a new radkad The 
net result is^aradica l substitution reaction : 

.Unpaired electron ^Unpaired electron 



Rad:A 



Re^tant Substitution Product 

radlcal product radical 
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Alternatively, a reactant radical might add to an alkene, taking one 
electron from the alkene double bond and yielding a new radical. The net 
result is a radi^^ad^Mwnreactioi^ 

Unpaired electron , Unpaired electron 

Rad 

/ \ / \ 

Alkene Addition product 

radical radical 

Let's look at a specific example of a radical reaction to see its charac- 
teristics. The details of the reaction aren't important at this point; it's impor- 
tant only to see that radical reactions involve odd-electron species. 



5.4 An Example of a Radical Reaction: 
Chlorination of Methane 

The chlorination of methane is a typical radic^L?ubstitutio^^ 
Although inert to most reagents, alkanes react readily with chlorine to give 
chlorinated alkane products: 

? T ' 

H-C-H + Cl-Cl H-C-Cl + H-Cl 

■ i 

Methane Chlorine Chloromethane 

A more detailed discussion of this radical substitution reaction is given in 
Chapter 10. For the present, it's necessary only to know that studies have 
shown alkane chlorination to be a multistep process involving radicals. 

gadical substitutionj^actionsji^^ 
initiatiolTsteTJrTSropa 

JTlnitiaMon^^^ The initiation step 

begmTtheleactiolTbjrpr^ reactive radicals. In the present 
case the relatively weak Cl-Cl bond is homolytically broken by 
irradiation with ultraviolet light. Two reactive chlorine radicals are 
produced, and further chemistry ensues. 



2. Propagationst^^radicals undergo substi^yMonjmst^^ Once 
chlormeradical^ propagation 



5.4 An Example of a Radical Reaction: Chlorination of Methane 1 45 

steps take place. When a reactive chlorine radical collides with a 
methane molecule, it abstracts a hydrogen atom to produce HC1 
and a methyl radical ('CHg). This methyl radical reacts further 
with Cl 2 in another substitution step to give the product chloro- 
methane and a chlorine radical, which cycles back into the first 
propagation step. Once the sequence has been initiated, it becomes 
a self-sustaining cycle of repeating steps 2a and 2b, making the 
overall process a chain r e action . 



c. Repeat steps a and b over and over. a 

3. TermirMl^^ Occasionally, two radicals 

nugTrtcolMe and combine to form a stable product in a termination 
step. When this happens, the reaction cycle is broken and the chain 
is ended. Such termination steps occur infrequently because the 
concentration of radicals in the reaction at any given moment is 
very small. Thus, the likelihood that two radicals will collide is also 
small. 



Alkane chlorination is not a generally useful reaction because most 
alkanes (other than methane and ethane) have several different kinds of 
hydrogens, and mixtures of chlorinated products usually result in such cases. 
Nevertheless, radical chain reactions constitute a basic reaction type of 
considerable importance. 

The radical substitution reaction just discussed is only one of several 
different processes that radicals can undergo. The fundamental principle 
behind all radical reactions is the same, however: All bonds are broken and 
formed by reaction of odd-electron species. 



5.2 When a mixture of methane and chlorine is irradiated, reaction commences imme- 
diately. When irradiation is stopped, the reaction gradually slows down but does not 
stop immediately. How do you account for this behavior? 





Possible termination steps 



PROBLEM . 



PROBLEM. 



\Draw and name all monochloro products you would expect to obtain from reaction 
of 2-methylpentane with chlorine. 
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5.4 Kadical chlorination of pentane is a poor way to prepare 1-chloropentane, 
CH3CH2CH2CH2CH2CI, but radical chlorination of neopentane, (CH 3 )4C, is a good 
way to prepare neopentyl chloride, (CH 3 ) 3 CCH 2 C1. How do you account for this 
difference? 



5.5 Polar Reactions and How They Occur 



Polar reactions occur as the result of attractive forces between positive and 
negative charges on molecules. In order to see how these reactions take 
place, we need first to recall our previous discussion of polar covalent bonds 
and then to look more deeply into the effects of bond polarity on organic 
molecules. 

Most organic molecules are electrically neutral; they have no net charge, 
either positive or negative. We saw in Section 2.4, however, that certain 
bonds within a molecule, particularly the bonds in functional groups, are 
polar. Bond polarity is a consequence of an unsymmetrical electron distri- 
bution in the bond and is due to the electronegativity of the atoms involved 
(Table 5.1, which repeats the information in Figure 2.3 for convenience). 

TABLE 5.1 Relative Electronegativities of Some Common Elements 




Atoms such as oxygen, nitrogen, fluorine, chlorine, and bromine are 
more electronegative than carbon. Thus, a carbon atom bonded to one of 
these electronegative atoms has a partial positive charge (S + ), and the elec- 
tronegative atom has a slight negative charge (S~). Conversely, metallic 
elements are less electronegative than carbon. A carbon atom bonded to a 
metal therefore has a partial negative charge, and the metal has a partial 
positive charge: 

Y S " M 5+ 



where Y = O, N, CI, Br, I where M = a metal such as Mg or Li 
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The polarity patterns of some common functional groups are shown in 
Table 5.2. 



TABLE 5.2 Polarity Patterns in Some Common Functional Groups 



Compound type 


Functional group 
structure 


Compound type 




Functional group 
structure 


Alcohol 


Jc-OH — 
/ 


Carbonyl 




\s + 8- 

c=o 
/ 








O s - 


Alkene 
Alkyl halide 


v / 
c=c 

/ \ 

Symmetrical, nonpolar 

\s + 8" 

— C— X 

/ 


Carboxylic ac 
Carboxylic ac 


id 

id chloride 


-\ 

OS" " 
„./ 

— c 

. \ 

CI 8" 


Amine 

Ether 
Nitrile 


\8 + 8- 

— C— NH 2 

/ 

\s + 8' 8*/ 

— C— 0— c— 

/ \ 

s + g- 
— C=N 


Aldehyde 
Ester 




Or 

. + / 

^c 

\ 

H 

0 s- 

V-c 


Grignard reagen 


\5" s * 
t _c— MgBr 

/ 

\s- s* 
— C— Li 

/ 






Alkyllithium 


Ketone 




0 8- 

A' 

\ 

c 



This discussion of bond polarity is oversimplified in that we've consid- 
ered only bonds that are inherently polar due to electronegativity effects. 
Polar bonds can also result from the interaction of functional groups with 
solvents and with acids. For example, the polarity of the carbon-oxygen 
bond in methanol is greatly enhanced by protonation: 



H ^C^6-H H-C^O^-H :A" 

/ " I 



Methanol 
(weakly polar C-O bond) 



Protonated 
methanol cation 
(strongly polar C-O bond) 
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In neutral methanol, the carbon atom is somewhat electron-poor 
because the electronegative oxygen attracts carbon-oxygen bond electrons. 
In the protonated methanol cation, though, a full positive charge on oxygen 
strongly attracts electrons in the carbon-oxygen bond and makes the carbon 
much more electron-poor. 

Yet a further consideration is the polarizability (as opposed to polarity) 
of an atom. As the electric field around a given atom changes due to changing 
interactions with solvent or with other polar reagents, the elextoajiistri- 
bution around that atom also chang^J3ie-measure-of this iesponse-ttran 
externaT influence is the polarizafiSty^fthe_atom^ Larger atoms with 
molrelojasely held-^lectrons are^riorJIJoIari^b^le^than smaller atoms with 
tightlv4relaVelectrons. Thus, iodine isrmich!horeT)olam 
This means that the carbon-iodine bond, although electronically symmet- 
rical according to the electronegativity table (Table 5.1), can nevertheless 
react as if it were polar. 

What does functional-group polarity mean with respect to chemical 
reactivity? Since unlike charges attract, the fundamental characteristic of 
all polar organic reactions is that electron-rich sites in the functional groups 
of one molecule react with electron-poor sites in the functional groups of 
another molecule. Bpnds-arejnade when the_eiectron-richjea ge nt don ates 
a pair of electrons to the electron^poor reagent, anff^nds^rB-teoken-when 
6ne~bTT2ie^m^rodiiet4r^ pair. 

— As we saw in Section 2.8, chemists normally indicateThe~electron-pair 
movement that occurs during a polar reaction by using curved arrows. A 
curved arrow indicates where electrons move as bonds in reactants are broken 
and bonds in products are formed. It means that an electron pair moves 
{ from the atom at the tail of the arrow to the atom at the head of the arrow 
during the reaction. 



This curved arrow shows that electrons are 
moving from '• B~ (electron-rich) to A + (electron-poor) 



Electrophile Nucleophile 
(electron-poor) (electron-rich) 



The electrons that moved from : B 
end up here in this new bond. 



In referring to the fundamental polar process and to the species involved, 
chemists have coined the words nu^eophMj^^^t^h:^. A nucle^phtte^ 
is_ajreagejitthatjs^^ 

andcanform a bondby _donating a pah r oraecft gn^^ 

Nucleophiles are^oftenrthough not always7 ne^ iyebj_charged. An_elec^ 

tropjule^b^ontost7is^ 

sitejLand^^ 

ElecteopiUe^areofteTiTthough nofafways^ positiyelyjchacged. 

If tiifidefinitio%s~o1 t ^^ sound similar to those 

given in Section 2.8 for Lewis acids and Lewis bases, that's because there 
is indeed a correlation between electrophilicity-nucleophilicity and Lewis 
acidity-basicity. Lewis bases are electron donors and usually behave as 
nucleophiles, whereas Lewis acids are electron acceptors and usually behave 
as electrophiles. The major difference is that the terms electrophile and 
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nucleophile are normally used only when bonds to carbon are involved. We'll 
explore these ideas in more detail in Chapter 10. 



5.5 Identify the functional groups present in these molecules and show the direction of 
polarity in each. 

0 0 

(a) Acetone, CH 3 CCH 3 (b) Ethyl propenoate, H 2 C=CHCOCH 2 CH 3 

(c) Chloroethylene, H 2 C=CHC1 

(d) Tetraethyllead, (CH 3 CH 2 ) 4 Pb (the "lead" in gasoline) 



5.6 Which of the following would you expect to behave as electrophiles and which as 
nucleophiles? 

(a) H + (b) HO:- (c) :Br + 

(d) :NH 3 (e) c6 2 (f) Mg 2+ 



5.6 



An Example of a Polar Reaction: 
Addition of HBr to Ethylene 



Let's look at a typical polar process, the addition reaction of ethylene with 
HBr that we saw earlier. When ethylene is treated with hydrogen bromide 
at room temperature, bromoethane is produced. Overall, the reaction can 
be formulated as follows: 

' H H H f 

C=C + H— Br > H— C— C— H 

/ \ II 
H H H H 



Ethylene Hydrogen bromide 
(nucleophile) (electrophile) 

This reaction, an example of a general polar reaction type known as an 
$bu$wphjMcj t,dditk >n, can be understood in terms of the general concepts 
just discussedTWeTliaegin by looking at the nature of the two reactants. 

What do we know about ethylene? We know from Section 1.10 that 
a carbon-carbon double bond results from orbital overlap of two sp 2 - 
hybridized carbon atoms. The sigma part of the double bond results from 
sp 2 -sp 2 overlap, and the pi part results from p-p overlap. 

What kind of chemical reactivity might we expect of carbon-carbon 
double bonds? We know that alkanes, such as ethane, are rather inert, 
because all valence electrons are tied up in strong, relatively nonpolar, 
carbon-carbon and carbon-hydrogen bonds. Furthermore, we know that 
the bonding electrons in alkanes are relatively inaccessible to external re- 
agents because they are sheltered in sigma orbitals between nuclei. 

The electronic situation in ethylene and other alkenes is quite different. 
For one thing, double bonds have greater electron density than single bonds 



